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In Arabidopsis, flowering is promoted under long days (LDs) but delayed under short days CO activity is regulated by light signals at both the gene transcriptional and protein levels (1, 2) . CO transcription is regulated by the clock; its mRNA level reaches a peak around 12 h after dawn and remains high until the following dawn (12) (13) (14) (15) (16) . CO protein is stable during the light period, but is rapidly degraded in darkness (17) . Arabidopsis flowering is thus induced under LDs since light stabilizes the CO protein in the evening when the CO mRNA level is high. Dark-induced CO degradation is mediated by a ubiquitin/proteasome system, in which the RING-finger E3 ubiquitin ligase CONSTITUTIVE PHOTOMORPHOGENIC 1 (COP1) and members of the SUPPRESSOR OF PHYA-105 (SPA) protein family are involved (18) (19) (20) (21) . CO levels are also regulated by light wavelengths (17) . Blue and far-red lights prevent COP1-mediated CO degradation in the evening, causing accelerated flowering (17) (18) (19) .
Red light delays flowering by promoting CO degradation in the morning in a COP1-independent manner (17) .
Three distinct low-temperature responses have been defined in the literature, namely, vernalization (22, 23) , ambient temperature (24, 25) , and short-term cold stress (26, 27) . In Arabidopsis, the effects of cold genes (32, 33) . Notably, HOS1-deficient mutants exhibit early flowering under both LDs and SDs, and FLC expression is suppressed in the mutants (30, 31, 34) . Recently, the early flowering phenotype of these mutants was shown to be strongly suppressed by co mutation, and HOS1
was shown to regulate CO abundance during the light period (34) , suggesting that the cold signaling attenuator HOS1 regulates photoperiodic flowering via CO.
In this work, we demonstrate that have been described previously (35) . svp-41 and flc-3 mutants have been described previously (36) . The autonomous flowering pathway mutants fca-9 and fve-3 have been described previously (35) . The photoperiod pathway mutants gi-2 and co-101 have been described previously (35) . cop1-4 and cop1-6 mutants have been described previously (18) .
Additionally, the photoreceptor mutants, such as phyA-211, phyB-9, cry1-2, and cry2-1, have been described previously (36 
RESULTS

Cold Stress Disrupts Rhythmic Expression of FT
-Intermittent cold is frequently employed to define the effects of cold stress on the timing of flowering in Arabidopsis, since it profoundly delays flowering without plant growth alterations (28, 29) . FLC plays an important role in cold regulation of flowering (28, 29) . Notably, FLC expression is induced slowly correlating to days of intermittent cold (28) . We therefore suspected that a floral regulatory mechanism other than FLC would rapidly respond to cold stress imposed by intermittent cold treatments in flowering time control.
To obtain clues as to how cold stress Under cold conditions, the expression of CO and SOC1 genes, which promote flowering, was induced, while FT expression was significantly suppressed (Fig. 1A ). In addition, the diurnal oscillation pattern of FT mRNA abundance was disrupted under identical conditions (Fig. 1B ).
These observations suggested that FT suppression mediates the delayed flowering observed under cold stress.
We next examined the effects of cold stress on the tissue-specific expression patterns of FT using transgenic plants expressing the FT
promoter--glucuronidase (GUS) gene fusion (5).
Histochemical assays revealed that cold stress significantly reduce GUS activity in the vascular tissues of the basal leaf area ( CO-ox transgenic plants were exposed to 4 o C with or without MG132 and PI treatments, and CO levels were immunologically determined.
While PIs had no discernible effect on CO abundance, the effects of cold stress on CO abundance were largely compromised by MG132
( To examine whether the FT suppression is a major cause of delayed flowering under cold conditions, intermittent cold treatments were carried out for 4 h between ZT8 and ZT12 under LDs, when CO levels begin to increase (12) (13) (14) (15) (16) (17) . By a single cold shock, FT mRNA levels decreased to basal levels (Supplemental Fig. S5 ). In contrast,
FLC expression was not discernibly altered,
suggesting that immediate suppression of FT expression by cold stress is independent of FLC.
Notably, SOC1 mRNA levels were elevated under identical conditions, unlike FT suppression. These data suggested that SOC1 is not directly related to cold regulation of CO abundance.
To further examine whether the cold- 
Cold-Induced CO Degradation Occurs
Independently of COP1 -The E3 ubiquitin ligase COP1 mediates the dark-induced degradation of CO (17) (18) (19) . Therefore, we next investigated whether COP1 is also involved in regulating the cold-induced degradation of CO. (Fig. 3C ). In addition, the effects of cold stress on CO abundance were maintained under various light wavelengths and in different photoreceptor mutants (Supplemental Fig. S6 A and B, respectively), indicating that the coldinduced CO degradation does not depend on light conditions.
We next examined the effects of cold stress on CO abundance in the COP1-deficient cop1-4 mutant. The CO-MYC fusion gene was transformed into the mutant, and the resulting transgenic plants were exposed to 4 o C.
Immunological assays showed that the COP1 mutation has no effect on CO degradation under cold conditions (Fig. 3D ). In addition, FT expression was suppressed in two independent COP1-deficient mutants, cop1-4 and cop1-6, to a similar degree as observed in cold-treated Col-0 plants ( Fig. 3E) , demonstrating that the cold regulation of CO accumulation and FT transcription occurs independently of COP1.
HOS1 Is Responsible for Cold-Induced
Ubiquitination of CO -Next, we investigated how cold-induced degradation of CO is linked with known cold signaling pathways. We found that CO abundance was reduced in the ICE1- The E3 ubiquitin ligase HOS1 is a cold signaling attenuator that mediates the degradation of ICE1 (32) . Therefore, we suspected that HOS1 would mediate CO degradation under cold stress.
We first carried out yeast two-hybrid assays to examine whether CO interacts with HOS1 using a series of deletion forms of CO and HOS1
( Fig. 4 A and B, respectively) . Notably, we found that CO directly interacts with HOS1 in yeast cells (Fig. 4 C and D) . These HOS1-CO interactions were mediated by the C-terminal region of CO (residues 106-373) containing the CCT (CONSTANS, CONSTANS-like and TOC1) domain, which is required for COP1-CO interactions (18, 19) , and the C-terminal region of HOS1 (residues 457-927), which mediates HOS1-ICE1 interactions (24) . These HOS1-CO interactions were also verified by in vitro pulldown assays ( (Fig. 5 A and B) . However, CO levels were higher in the phyB-9 mutant than in Col-0 plants grown at both temperatures ( In A, B, and D, detection and quantification of CO proteins were carried out as described in Fig. 2 . In C and E, FT mRNA levels were examined by qRT-PCR. Bars indicate the standard error of the mean.
Ten-day-old plants grown on MS-agar plants at 23 o C were subjected to cold treatments.
A, Effects of dark and cold on CO abundance. CO-ox transgenic plants were exposed to 4 o C in the light (L) or transferred to complete darkness (D). Whole plants were harvested at the indicated time points for preparation of protein extracts. h, hours.
B and C, Kinetic measurements of CO abundance (B) and FT mRNA levels (C) after cold treatment under LDs.
D, Cold-induced regulation of CO abundance in the cop1-4 mutant. The CO-MYC fusion gene was transformed into cop1-4 mutant, and the resulting transgenic plants were exposed to 4 o C for 12 h.
Two independent lines were examined. CO-ox transgenic plant was used as control.
E, FT expression in cop1 mutants after cold treatment. The cop1 mutants were exposed to 4 o C at ZT10, and whole plants were harvested at the indicated time points for extraction of total RNA. In H-J, 10-day-old plants grown on MS-agar plants at 23 o C were used for a single cold exposure.
Whole plants were harvested at the indicated time points for extraction of total RNA and protein.
Detection and quantification of CO protein was carried out as described in Fig. 2 . harvested at the indicated time points. In I, CO protein was immunologically detected using anti-MYC antibodies, as described in Fig. 2 . In J, HOS1 mRNA levels were examined by qRT-PCR (t-test, *P<0.01), as described in Fig. 1 .
K, in vivo detection of ubiquitinated CO in hos1-3 mutant. The assays were carried out as described in CO-ox transgenic plants were crossed with Col-0 plants, phyB-9 mutant, and hos1-3 mutant, and the resulting plants were subjected to cold treatment. Detection and quantification of CO protein was carried out as described in Fig. 2 .
A-C, Kinetic measurements of CO abundance after cold treatments under LDs. C for 12 h. Two independent transgenic lines were examined for each plant genotype. CO protein was detected by Western blot analysis using an anti-MYC antibody (top panels). Parts of Coomassie blue-stained gel containing the rubisco (Rub) protein were displayed for loading control (middle panels). Relative levels of CO mRNA were examined by qRT-PCR (bottom panels). B, Cold regulation of CBF3 and COR15A genes independent of CO. Col-0 plants, co-101 mutant, and CO-ox transgenic plants were exposed to cold temperatures, and whole plants were harvested at the indicated time points for extraction of total RNA. mRNA levels were examined by qRT-PCR. Bars indicate standard error of the mean. The CO-MYC gene fusion was transformed into fve-4, fca-9, and svp-41 mutants, and the resultant transgenic plants were exposed to 4 o C for 12 h under LDs. Two independent transgenic lines were examined for each plant genotype. CO protein was detected by Western blot analysis using an anti-MYC antibody (top panels). Parts of Coomassie blue-stained gel containing the rubisco (Rub) protein were displayed for loading control (middle panels). Relative levels of CO mRNAs were examined by qRT-PCR (bottom panels), as described in Fig. S2 . Bars indicate standard error of the mean. AP1  AP1  CBF3  CBF3  CO  CO  COR15A  COR15A  eIF4A  eIF4A  GUS  GUS  FLC  FLC  FLM  FLM  FT  FT  LFY  LFY  SOC1  SOC1  SVP  SVP  TOE1  TOE1  35S: Table S1 . PCR primers used. qRT-PCR primers were designed using the Primer Express Software installed into the Applied Biosystems 7500 Real-Time PCR System in a way that the sizes of the PCR products range from 100 to 150 base pairs. F, forward primer. R, reverse primer.
